For the act of membrane fusion, there are two competing, mutually exclusive molecular models that differ in the structure of the initial pore, the pathway for ionic continuity between formerly separated volumes. Because biological ''fusion pores'' can be as small as ionic channels or gap junctions, one model posits a proteinaceous initial fusion pore. Because biological fusion pore conductance varies widely, another model proposes a lipidic initial pore. We have found pore opening and f lickering during the fusion of protein-free phospholipid vesicles with planar phospholipid bilayers. Fusion pore formation appears to follow the coalescence of contacting monolayers to create a zone of hemifusion where continuity between the two adherent membranes is lipidic, but not aqueous. Hypotonic stress, causing tension in the vesicle membrane, promotes complete fusion. Pores closed soon after opening (f lickering), and the distribution of fusion pore conductance appears similar to the distribution of initial fusion pores in biological fusion. Because small f lickering pores can form in the absence of protein, the existence of small pores in biological fusion cannot be an argument in support of models based on proteinaceous pores. Rather, these results support the model of a lipidic fusion pore developing within a hemifused contact site.
Membrane fusion is a ubiquitous event in eukaryotic cells, critical to organellar membrane trafficking, synaptic transmission, fertilization, enveloped viral infection, and myoblast syncytia formation. When biological membranes fuse, the first signal is an increase in the ionic conductivity between their contents (1, 2) . In exocytosis and cell-cell fusion mediated by viral glycoproteins, fusion pores open quasi-abruptly to initial conductances varying between 30 and 1000 pS, which suggests pore diameters in the range of 1-7 nm (1-6). After opening, pores enter a phase in which their mean conductance does not vary substantially, the semistable phase (4, 5) . Subsequently, there is a phase of rapid fusion-pore growth. To test whether initial fusion pores can be lipidic (7, 8) rather than proteinaceous (9, 10), we studied fusion of phospholipid bilayers.
In a number of electrophysiological studies on the fusion of phospholipid vesicles to planar phospholipid membranes, fusion has been demonstrated by membrane mixing with incorporation of channels from the vesicular to the planar membrane and by aqueous content mixing seen with fluorescence (11) (12) (13) (14) (15) (16) (17) . Complete fusion of membranes is defined as the unification of the lipid bilayers of the membranes, preserving monolayer identity, concurrent with the mixing of the aqueous contents previously separated by two membranes. Hemifusion is defined as the coalescence of only the contacting membrane monolayers of the membranes, with the distal monolayers and aqueous contents separated (17) . Complete fusion requires osmotic swelling of the adherent vesicle (11) (12) (13) . It was originally thought that this osmotically driven fusion did not involve hemifusion (14) , in contrast to the fusion of two planar bilayers (18) . Recently (17) we found stable hemifusion intermediates between vesicles and planar bilayer membranes when the contacting leaflets consisted of lipids whose spontaneous curvature fits into the curvature of local connections between membranes (stalks) (19) (20) (21) . In contrast, fusion pore formaThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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FIG. 1. Experimental system. (A)
The chamber, similar to that described (14, 17) , was placed in front of the long working distance objective (1) (Nikon, ϫ40, 0.5 numerical aperture). A custom-made dual-wavelength fluorescent imaging system was used to alternate the recording of the fluorescence of two dyes (42) . The fluorescent image was projected onto an intensified video camera (2) . Another camera (4) was focused on a chart recording (5) of transmembrane current, and this image was merged with the microscope image, providing the reference for synchronization (3) of fluorescence and electrical data, recorded on an optical disk recorder (not shown). A conventional voltage clamp amplifier (6) converted transmembrane current measured across Ag͞AgCl electrodes (7), and current was also recorded on a modified digital-analog tape recorder (not shown). Individual lipid vesicles were placed on the planar membrane by using a glass micropipette (not shown) filled with a liposome suspension. (B) Schematic diagram of the fusion of a vesicle to a planar membrane. Fusion can be detected as membrane dye spread, release of watersoluble dye, a conductance increase because of channel incorporation, or as the increase in capacitance proportional to the increase in membrane area. tion and expansion depend on the lipid composition of the distal membrane monolayers. Lipids of a micelle-like spontaneous curvature, which matches the curvature of the pore edge, promote formation and expansion of a fusion pore when added to the distal leaflets. This suggests that the fusion pore in vesicle͞planar bilayer fusion develops within the hemifusion diaphragm. To test the sequence of molecular events in fusion, we made simultaneous measurements of lipid dye mixing (membrane merger), aqueous dye mixing (content mixing), and electrical measurements of planar membrane conductance during the fusion of vesicles to planar bilayers. This allowed us to distinguish the merger of membrane leaflets, the formation of the fusion pore, and the release of vesicular contents. We report here flickering fusion pore formation between purely lipid bilayer membranes. A preliminary communication on this finding has been published in abstract form (43) .
MATERIALS AND METHODS
Membranes and Solutions. Planar bilayers (Fig. 1 A) were formed across a hole in a Teflon partition by the MontalMueller technique, as previously described (17), from an n-hexane solution of asolectin [soybean lipids with neutral lipids removed (Avanti Polar Lipids)]. Giant lipid vesicles (2-20 m) were formed from 70 weight % asolectin͞20% ergosterol͞10% rhodamine phosphatidylethanolamine as previously described (14) . For osmotic stress, vesicles were formed in buffer B [200 mM calcein͞10 mM Mes͞5 mM n-propyl gallate, pH 6.5 (835 mOsm͞kg)], and the planar bilayer was bathed by buffer A [400 mM KCl͞20 mM CaCl 2 ͞10 mM Hepes͞1 mM EDTA, pH 7.5 (760 mOsm͞kg)]. In experiments with osmotically balanced liposomes, liposomes were formed in buffer B diluted 10 times with buffer A (resulting in a 780 mOsm͞kg solution), and the planar bilayer was bathed by buffer A supplemented with 20 mM stachyose to achieve colloid osmotic equilibrium between internal content of liposomes and the medium bathing them (780 mOsm͞kg). The channel-forming antibiotic nystatin was prepared as a stock solution in dimethyl sulfoxide (10 mg͞ml) and then added to aqueous solutions with stirring before use. Nystatin was added to the liposome internal solution (10 g͞ml) before formation of liposomes to trap nystatin within liposomes. When nystatin was added to the buffer (50 g͞ml) in the same compartment of the chamber as liposomes, two-sided channels were formed in the vesicle membrane but not in the planar bilayer.
Simultaneous Electrical and Fluorescence Measurements. After formation of the planar bilayer, a suspension of liposomes in a pipette was injected into the buffer near the membrane. One liposome was selected by size and placed on the center of the membrane by manipulation of the pipette. Thirty millivolts transmembrane potential was applied across the membrane, and recordings of the membrane conductance, lipid dye fluorescence, and aqueous dye fluorescence were made as described in the legend (Fig. 1 A) .
For admittance measurements, liposomes were prepared and pipetted onto planar bilayers as described above, except no nystatin was used internally or in bilayer chamber. A 100-mV (peak-to-peak), 500-Hz sine wave was applied to the planar membrane on top of a 30 mV holding potential (cis side positive). Most of the capacitive current was compensated by a modified voltage clamp [one capacitor was added to the head stage of an Axopatch 200 (Axon Instruments, Foster City, CA)]. The output of the amplifier was digitized and analyzed by in-house lock-in software (BROWSE, available on request) and stored as the in-phase and out-of-phase components of the complex admittance and the DC conductance, all with 4-ms resolution (average of pairs of sine waves). Ten-point digital averaging and decimation were used to improve the signal-tonoise ratio, resulting in 40 ms per point. By using BROWSE, fusion pores were calculated as described (22, 23), with either a combination of the in-phase and out-of-phase components or only the in-phase component, because in many cases the capacitance of planar bilayer became unstable after hemifusion. Comparison of the in-phase component and the DC conductance was used to verify that fusion pores did not represent electrical leakage across the bilayer.
RESULTS
To detect the different aspects of membrane fusion, vesicles were prepared to carry three different markers: lipid dye, aqueous dye, and ionic channels. After individual giant (2-20 m) vesicles were pipetted onto planar membranes (cis side), fusion was detected by the spread of lipid dye, release of water-soluble dye, and an increase in membrane conductance (Fig. 1B) . Complete fusion, defined as both the coalescence of the vesicular membrane into the planar membrane and the release of vesicular contents into the trans compartment, is detected as a change in all three markers and is marked in time as a large step in membrane conductance (12) . Hemifusion, defined as the merger of contacting, but not distal, leaflets of membranes, is seen as lipid dye mixing with no aqueous dye dilution or conductance changes. Fusion pore formation, defined as a narrow aqueous pathway connecting the interior of the vesicle to the trans compartment, was seen as a change in membrane conductance together with aqueous dye dilution. Simultaneous measurements of these three parameters allowed us to discard experiments of vesicle rupture or leakage, seen as aqueous dye dilution with no electrical changes or lipid dye mixing. Such leakage was observed both before and after liposome binding to the planar membrane.
As expected from previous publications, only a fraction of the encounters between a vesicle and the phospholipid membrane resulted in any sign of fusion, and complete fusion required osmotic tension to swell the vesicle (12) (13) (14) (15) (16) . Lipid dye transfer was detected in only 85 of 415 experiments. In the other 330 experiments, either none of the three signals was detected at all (n ϭ 273) or conductance changes were seen in the absence of lipid dye transfer, or aqueous dye diminished without either lipid dye transfer or conductance changes (n ϭ 57), presumably because of leakage cis from the vesicle. Because of high electrical noise or premature lysis of the liposomes in some experiments, we were able to analyze in detail only 68 of the 85 experiments with lipid dye transferred. In 75% of these 68 experiments, the first detected signal was an increase in the fluorescence of the lipid dye. Because in these 51 experiments no aqueous dye release or any conductance increase was observed for some time during and after lipid dye mixing, we interpret this union of results to indicate merging of only the contacting membrane monolayers, hemifusion in these experiments ( Fig. 2A) . Hemifusion between vesicles and planar membranes may be reversible or restricted, rather than all-or-none, because in many cases lipid dye redistribution occurred in more than one stage before any conductance changes. This restriction to lipid flux is intriguing and may explain why conductance steps were detected before detectable lipid dye transfer in 8 of the 68 analyzed experiments, and no dye redistribution was seen in 9 of these 68 experiments. Finally, lipid dye redistribution ceased, presumably because of complete loss of lipid dye from the outer leaflet of the vesicle. In hemifusion, the inner leaflet of the vesicle should not mix with the trans leaflet of the planar bilayer. In agreement with this, lipid dye fluorescence in the liposome was seen after hemifusion was completed (Fig. 2 A, last panel) .
Subsequent to hemifusion, fusion pore formation was detected by concomitant release of aqueous dye and conductance increments. For instance, in Fig. 2B , following an initial mixing of lipid dye seen as an increase in red membrane dye fluorescence between panels 1 and 2 (hemifusion), the first two spikes of transmembrane current clearly correlated with the release of green aqueous dye from the vesicle, indicating formation of a fusion pore connecting the two membranes. We saw fusion pore formation following hemifusion in 76% of the 51 hemifusion events. Usually pores were detected only one to two times per experiment, but on occasion long trains of fusion pores were recorded (Fig. 2B) . The sequence of lipid dye mixing followed by aqueous dye release and transient fluctuations of membrane conductance was similar for both osmotically stressed and osmotically balanced liposomes. However, only 8% of analyzed experiments with balanced liposomes showed large jumps in conductance. When liposomes were hypotonically stressed, 32 of 43 analyzed experiments showed dye redistribution before conductance changes. The pattern of spikes followed by a large conductance jump occurred 18 times of the 43 stressed cases, corresponding to complete fusion. The large conductance jump occurred without spikes preceding it in 9 stressed cases. Spikes without jumps were seen in 15 of 16 remaining experiments. Conductance then dissipated (Fig. 2C ) as nystatin and sterol were diluted by diffusion, in agreement with the sterol and concentration requirements for the onesided action of nystatin (24) . The flickering conductance spikes, at higher time resolution, are varied in amplitude and lifetime within each liposome͞membrane pair (Fig. 3 A-C) .
The use of nystatin ionic channels allowed us to use the direct measurement of planar bilayer conductance to monitor fusion, as in previous work (14, 15 ). However, it was possible that the presence of nystatin affected the fusion process. To test whether fusion pore formation occurs in the complete absence of protein or peptides and to measure the pore as a conductance in series with the capacitance of the vesicle, we used the admittance measurement technique (22, 25) with purely phospholipid vesicles, devoid of nystatin. (In 50 of 81 experiments, no signals were detected at all, and in 16 experiments either aqueous dye release occurred alone or membranes became leaky.) In 15 experiments we observed lipid dye redistribution. In three of these experiments, fusion pores were detected in the presence of transient transbilayer conductances (leaky fusion). In 7 of 15 experiments showing hemifusion events, long lasting fusion pores were detected (again) as for nystatin-containing liposomes, after hemifusion of liposomes with planar membranes and in the absence of any transbilayer conductance changes (Fig. 3D ). These fusion pores had conductances within the distribution of conductance changes observed for nystatin-containing liposomes. Time-resolved records of pores obtained with either of these methods were similar (compare Fig. 3 A and D) . The difference in amplitudes of pores formed in nystatin-containing and nystatin-free liposomes may reflect some effect of nystatin on fusion. Nonetheless, taken together with the fluorescence data, these capacitance spikes can only be interpreted as the formation of an aqueous fusion pore allowing ionic continuity between the inner volume of vesicle and the solution bathing the opposite side of the membrane to which vesicles were added (trans compartment).
DISCUSSION
On the basis of these data, we can present the sequence of contact, hemifusion, fusion pore formation, and expansion in the fusion of protein-free phospholipid membranes (Fig. 4) . The spikes of membrane current and the transients in membrane admittance described above reflect the opening of transient fusion pores through which the high conductance of the permeabilized vesicle membrane shunted the low conductance of the planar bilayer. Pores of similar conductances and lifetimes develop in single planar lipid bilayers under high electric fields (26) . These electrically induced lipidic pores flicker until their final expansion, which can be described as a pore reaching some critical radius determined by a balance between the linear tension of a pore edge and bilayer surface tension. The evolution of pores developed in the hemifusion diaphragm should be controlled by the same physical forces.
Hemifusion has been described for the fusion of two planar lipid bilayers (20) and for vesicle-planar bilayer fusion (17) . Most recently, hemifusion has been documented for vesiclevesicle fusion (ref. 27; see also refs. 28 and 29). Lee and Lentz (27) compared the kinetics of lipid mixing of outer vs. inner leaflets of sonicated phosphatidylcholine vesicles along with changes in the molecular sieving of vesicle contents, all induced by polyethylene glycol. In their suspension of fusing liposomes, the hemifusion signal preceded that of complete fusion. Importantly, the earliest observable in these experiments has been a fast and short-term increase in the transfer between vesicles of the smallest aqueous marker used, the proton. This finding has been interpreted as an indication of the transient opening of small fusion pores. In vesicle suspension, a population of lipid bilayers simultaneously comes in contact, fuses, and exchanges markers. Also, for vesicle-vesicle fusion the stress of apposition induces an increased internal pressure and leads to complete fusion; vesicle-planar bilayer fusion only goes to completion when intravesicular pressure is applied osmotically (11, 12) . In the present work we follow the fusion pathway for an individual phospholipid vesicle fusing with planar bilayer. We can directly observe the sequence of (i) hemifusion, (ii) flickering fusion pores, and then (iii) an expanding fusion pore for single fusion events. Thus the fusion of lipid bilayers in different experimental systems proceeds via similar membrane rearrangements.
Whereas there are quantitative variations in the sizes of viral and exocytotic fusion pores, fusion pores in biological fusion appear to share some features with those in phospholipid vesicle to planar bilayer fusion. The mean value of our fusion pore conductances (206 pS, nystatin experiments) for liposome-planar lipid bilayer fusion is close to the mean values of initial fusion pores that were reported for exocytosis in neutrophils and in mast cells [150 pS (6) and 330 pS (3), respectively], and their frequency distributions are similar. Thus there is no need to invoke proteinaceous pores in biological fusion.
A priori, then, there is nothing to rule out a lipidic nature of biological fusion. This view is supported by recent work showing a specific lipid dependence for exocytosis (30) (31) (32) (33) and a lipid-dependent stage for the fusion of living membranes that is identical with that of purely phospholipid membranes (34) (35) (36) (37) (38) . When biological membrane fusion is blocked by adding lipids of positive intrinsic curvature such as lysophosphatidylcholine, fusogenic proteins still change their conformation when triggered by even brief pulses of the appropriate ligands: calcium or pH (35) (36) (37) . They can remain in this triggered conformation until the lipid block is lifted by either removing added lipid or adding lipid of the opposite curvature (36) . Fusion ensues, even if the triggering conditions are no longer present. Changing lipid composition is enough to release the block so that fusion goes to completion. It is as if protein conformational change can do a finite amount of work and lead to a finite reduction in the energy barrier for fusion, and lipid composition sets that energy barrier. It is intriguing that the particular lipid that forms during exocytotic priming (30) (31) (32) (33) , phosphatidylinositol 4,5-bisphosphate (PIP 2 ), should have profound positive intrinsic curvature judging by its structure. Because lipids of positive intrinsic curvature block merger of membranes with fusogenic proteins already in an activated state, PIP 2 may do the same. A subsequent reaction such as Ca 2ϩ -dependent modification or removal of PIP 2 or even direct calcium binding to the lipid could reverse the curvature of the monolayers and help fusion to continue to completion. That is, PIP 2 may act, in part, as a fusion clamp to build up a ready-release pool, in addition to its roles in signal transduction (33) .
Both hemifusion and transient, flicker fusion (demonstrated here for the fusion of purely lipid membranes) have been demonstrated for the fusion of natural membranes (8, (39) (40) (41) . It seems logical that the evolution of fusion machinery in living organisms was probably based on regulation of existing physicochemical mechanisms for fusion, rather then on the de novo invention of some protein-driven machine operating on different principles. If this is correct, then the role of protein in multistep, in vivo fusion mechanisms may be limited to the creation of the required prefusion configuration of two bilayers, with participation of fusogenic proteins to reduce the energy barriers for the pivotal stages of membrane coalescence and pore formation. Fusion-inhibiting proteins may act by increasing these same barriers. This is consistent with the   FIG. 4 . Schematic diagram of sequential steps in phospholipid membrane fusion. As a first step the outer monolayer of a phospholipid vesicle coalesces with the contacting monolayer of the planar phospholipid bilayer membrane forming a trilaminar structure (hemifusion). A small fusion pore is formed in this area. Once formed, the fusion pore can close again or expand to some critical size when further expansion becomes irreversible. hypothesis that biological fusion, although controlled and mediated by specialized proteins, proceeds via lipid-dependent stages that involve the same rearrangement of membrane lipid as the fusion of purely lipidic bilayers.
